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Abstract 
This paper gives an overview of some recent advances of ultrasonic  methods applied to  materials and structures  (including 
biological ones), exploring typical applications of  these emerging inspection technologies to civil engineering and medicine.  In 
confirmation of this trend, some results of an experimental research carried out involving both destructive and non-destructive 
testing methods for the evaluation of structural performance of existing reinforced concrete (RC) structures are discussed in terms 
of reliability. As a result, Ultrasonic testing can usefully supplement coring thus permitting less expensive and more 
representative evaluation of the concrete strength throughout the whole structure under examination. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
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1. Introduction 
Ultrasonic method is a form of  Non-Destructive Testing performed for the inspection without damaging the parts 
or components and for the characterization of materials. The advantages of this method  include flexibility, low cost, 
in-line operation, and providing data in both signal and image formats for further analysis. In Engineering, ultrasonic 
testing is often performed on steel and other metals and alloys, on concrete, wood, plastics, ceramics and  
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composites. The main applications in Medicine are diagnostics and therapy of conditions/diseases involving most 
organs of the body.  
The latest advances in ultrasonic instruments have been based on the digital signal processing techniques and the 
inexpensive microprocessors that became available from the 1980 onwards. This has led to the latest generation of 
miniaturized, highly reliable portable instruments and on-line inspection systems for flaw detection, thickness 
gaging, and acoustic imaging. The aim of this paper is to give an overview of  some  advanced ultrasonic  diagnostic 
methods applied to  materials and structures (including biological ones), exploring typical applications of  these 
emerging inspection technologies to civil engineering and medicine. In confirmation of this trend, some results of an 
experimental research carried out involving both destructive and non-destructive testing methods for the evaluation 
of structural performance of existing reinforced concrete (RC) structures are discussed in terms of reliability. 
2. Some Recent advances of ultrasounds  in  medicine 
Most UltraSound (US) machines include a transducer array, a beam-former, a processor, and a display, and use 
electroacoustic transducers, which convert electrical energy into mechanical energy and vice versa. The beam-
former sets the phase delay and amplitude of each transducer element to enable dynamic focusing and beam steering. 
The ultrasound beam is attenuated by the organs and tissues (absorption), and this phenomenon increases with the 
viscosity and density of the biological structures as well as with the frequency of the ultrasound. Thus, the higher the 
frequency of ultrasound, the better is the resolution attained; however, the penetration of the ultrasound into the body 
will be less, and deep structures will be poorly investigated. In practice, different ranges of frequency are used for 
examination of different parts of the body: 3–5 MHz for abdominal areas, 5–10 MHz for small and superficial parts 
and 10–30 MHz for the skin or the eyes. The received signal can then be presented on a display for immediate 
examination or recorded for a later review. Moreover, computerized image processing may improve image quality. 
In medical practice, the most used modalities of signal display are three: M-mode, which shows the ranges of targets 
along one scan line versus time; B-mode, which provides a cross-sectional image of the body, built up by sweeping a 
beam sideways through a chosen scan plane; and Doppler ultrasound, which is used to study blood flow as scattering 
blood cells move towards or away from the probe producing the Doppler effect.  
The Doppler effect can be employed to study the movement of blood, and consequently to perform a detailed 
functional assessment of the cardiovascular system as well as evaluation of inflammatory disorders (i.e. intestinal US 
for inflammatory bowel disease). The injection of intravenous contrast agents, microbubbles, improves the visibility 
of small vessels with color Doppler; therefore, contrast agents allow a more detailed image of the vascularity of 
organs (which in some cases is an expression of inflammation) or tumors.  
A novel processing modality, three-dimensional imaging, has been recently patented by Angelsen and Johansen 
(2010) in order to allow a better representation of anatomic structures during placement of devices in the heart, 
guidance of electrophysiology ablation, or guidance in minimal invasive surgery. 
Biologic advantages of ultrasounds are ease of use and lack of radiation exposure and carcinogenic properties; 
disadvantages are the operator-dependency effectiveness and -even if rare- the risk of heating, cavitation and direct 
damage of cells and organs. Ultrasounds can be used either for diagnostic or  interventional/therapeutic purposes, 
with appropriate devices and in support of invasive and surgical procedures to increase efficacy and reduce 
complications (i.e. placement of intravascular catheters, performance of biopsy).  
Regarding diagnostics, US devices are increasingly used as a non-invasive imaging tool to evaluate anatomy and 
detect a wide range of diseases and conditions in all age groups: every anatomical system and apparatus can be 
studied, and US-based functional studies have greatly reduced the use of radiations and invasive procedures. Thanks 
to their biological safety, low cost, lack of radiation exposure and carcinogen properties, US are currently adopted in 
prenatal medicine, childhood and adulthood. Ultrasound probes can be applied over the skin (transcutaneously) or 
internally (i.e. transesophageal, rectal, vaginal US) for a better representation of internal organs. The main structures 
which can be evaluated are listed by site in Table 1. 
Regarding the diagnostic use, the main diagnostic procedures are :Ultrasound-guided aspiration of fluid from 
organs and cysts/lesions, Tissue sampling with needles (biopsy), Staging of internal cancer by endoscopic US 
(esophagus, prostate, rectum),  Evaluation of liver stiffness (fibrosis, cirrhosis) , Pregnancy (fetal development, 
placenta, umbilical cord flow).  
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Regarding the therapeutic use, the main therapeutic procedures are : Drainage of fluid collections (abscesses, 
cysts) by needle or  catheter, Injection of drugs/electrodes into cancer masses or cysts,  Breaking of urinary stones 
(Extra-corporeal shock wave lythotripsy), Pain relief (carpal tunnel syndrome, chronic low back pain, shoulder 
pain),High intensity focused ultrasound, Drug delivery, Pregnancy-related procedures. 
Table 1: Main sites and organs which can be evaluated by ultrasounds 
Main sites       Organs 
Head Brainhemorrhage, infarctions,edema, congenital abnormalities (in small infants through bone 
openings: fontanellae); eye; salivary glands 
Neck Thyroid and parathyroid glands, lymph nodes, abscesses, vessels 
Chest 
Abdomen and pelvis 
 
 
      Scrotum 
Extremities 
Chest wall, pleura, lung (peripheral areas), mediastinum, heart and great vessels 
Gastrointestinal system (intestine, liver, gallbladder, pancreas), genito-urinary apparatus 
(kidneys, ureters, bladder, uterus, salpinges, ovaries, prostate), spleen, adrenal glands, 
fluidcontaining structures (cysts, cancer), great vessels and lymph nodes 
Testicles, tumors, hernias 
Joints, muscles and connective tissue, vessels 
 
Recently, Lau et al. (2011,2012) patented a method for delivering high intensity focused ultrasound (HIFU) 
energy to a treatment site internal to a patient's body with the purpose of providing therapeutic treatment of internal 
pathological conditions, such as cancer. At focal intensities 4-5 orders of magnitude greater than diagnostic 
ultrasound (typically about 0.1 W/cm2), HIFU (typically about 1000-10,000 W/cm2) can induce lesions or tissue 
necrosis at a small location deep in tissue while leaving tissue between the ultrasound source and focus unharmed. 
Tissue necrosis is a result of focal temperatures typically exceeding 70° C.   
Another promising application of HIFU is drug delivery: in order to locally enhance the drug concentration in vivo 
in tumors, a drug can be administered either encapsulated in liposomic or other carrier bubbles intravenously. Once 
the tumor is sonicated, the bubbles are destroyed and the drug is released locally to the tumor. The resulting scenario 
is a local enhancement of the drug concentration in the focal area of the ultrasound beam. A wide spectrum of 
research has been conducted by Al-Bataineh, Jenne and Huber (2012), demonstrating proof of the concepts of the 
feasibility and effectiveness of this approach in vitro and in animal studies in vivo.  
3. Some recent advances of Ultrasonic  Methods applied to  Materials and Civil  Engineering Structures  
The directly measured quantities, ultrasonic velocity and attenuation,  are required for the ultrasonic non-
destructive technique of material characterization. Based on velocity and attenuation measurement microstructure 
and morphology (such as mean grain size, grain size distribution, texture, anisotropy, density variations, etc.)  and 
diffuse discontinuity ( such as microcracking, microporosity, fiber breakage, impact damage, creep damage etc. ) 
can be characterized. Ultrasonic assessments of mechanical properties ( such as tensile strength, shear strength, yield 
strength, hardness, fracture toughness, fatigue resistance etc.) are indirect and depend on empirical correlations. 
Ultrasonic tests are currently employed for advanced structural ceramics, for evaluating bond performance in 
adhesive bonding and for composites laminates. Nowadays, ultrasonic testing also provides the characterization of 
advanced and smart materials, the synthesis and characterization of nanomaterials and nanofluids. 
Nondestructive tests on bridges and buildings are carried out periodically for maintenance, performance, 
degradation and quality assurance inspection. Three typical materials are used in these structures: steel, wood and 
concrete.  
The typical structure of bridge consists of a substructure, a superstructure and a deck. The substructure is built 
with concrete, stone masonry, steel and wood. The superstructure is built with  RC beams or rolled steel beams for 
short span, steel plate girders for intermediate span and steel trusses or arches for long span. The deck consists of 
steel plates and beams, prestressed concrete beams and timber. 
In ultrasonic testing  on steel structures two mechanisms are detected: cracking and corrosion. Corrosion is 
detected with longitudinal waves  and cracking is detected with shear waves. High frequencies are used in ultrasonic 
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tests on steel structures, ranging from 2 to 10MHz. In ultrasonic tests on wooden structures the damage  due to 
aging, to fungi and borers attack and to mechanical actions are detected. The wave propagation in these structures  is 
influenced by anisotropy.  Frequencies used are the same as those for concrete ranging from 50 to 150kHz.  
In ultrasonic tests on concrete structures, loss of strength due to many causes such improper mixture, chemical 
attack, microcracking, corrosion of steel rebar, fire damage can be detected by the UPV test. Recently , another 
approach based on Ultrasonic Guided Wave (UGW) technique has been developed to monitor the RC corrosion 
damage evolution process.  
The UPV test is performed by using a sending transducer that sends an ultrasonic pulse to generate a stress wave 
in a concrete specimen and uses a receiving transducer to receive the wave. 
By knowing the distance and time, the UPV in the specimen can be calculated. As pointed out by many 
researchers, the value of the UPV is affected by numerous factors, including the properties and proportion of the 
constituent materials, aggregate content and types, age of the concrete, presence of microcracks, water content, 
stresses in the concrete specimen, surface condition, temperature of the concrete, path length, shape and size of the 
specimen, presence of reinforcement, and so on. 
The test equipment consists of a pulse generator, a pair of transducers  (transmitter and receiver), an amplifier, a 
time measuring circuit, a time display unit, connecting cables and material of coupling. 
It is possible to make measurements of pulse velocity by placing the two transducers on opposite faces (direct 
transmission), on adjacent faces (semi-direct transmission), on the same face (indirect or surface transmission) of a 
concrete structure or specimen. 
3.1. Application of Ultrasonic Pulse Velocity (UPV)  test to concrete structures 
Since existing reinforced concrete structures were built according to the standards and materials which were quite 
different to those available today, procedures and methods able to cover lack of data about mechanical material 
properties and reinforcement detailing are required. This issue seems more relevant when seismic zones are 
concerned and structural strengthening needs to prevent failures occurred due to earthquakes. Recent seismic codes 
give relevance to procedure and methods to establish the performance levels of existing structures. To this end 
detailed inspections and tests on materials are required 
In these structures, the compressive strength of concrete has a crucial role on the seismic performance and is 
usually difficult and expensive to estimate. According to various international codes, estimation of the in-situ 
strength has to be mainly based on cores drilled from the structure. However, non-destructive tests (NDTs) can 
effectively supplement coring thus permitting more economical and representative evaluation of the concrete 
properties throughout the whole structure under examination. The approach suggested in most codes is to correlate 
the results of in-situ NDTs carried out at selected locations with the strength of corresponding cores. Thus, NDTs 
can strongly reduce the total amount of coring needed to evaluate the concrete strength in an entire structure.  
According to the scientific literature, several experimental formulations able to correlate the concrete 
compressive strength fck with the  ultrasonic pulse velocity have been proposed. In this study, three of the most 
reliable correlations  proposed by  Qasrawi (2000)  (Eq.A), Giannini et al. (2003) (Eq.B), and Bilgehan and Turgut 
(2010) (Eq.C) are taken into account.  
  
  fck [MPa]   = 1.88 · 10-21  V6.184                                                                                                                  (A) 
 
  fck[MPa]    = (-307 + 0.157  V)/10                                                                                                              (B) 
 
  fck[MPa]    = 0.8822 ā e0.0002V                                                                                                                      (C) 
 
where V is the Ultrasonic Pulse Velocity. 
In order to evaluate the accuracy of these formulations, UPV measurements  detected in 16 locations by  Nobile 
et Al. (2014, 2015) are considered. The estimated compressive strengths according to Eq. A, Eq. B and Eq. C, 
respectively, are then compared to the effective compressive strengths determined by Destructive Tests (DTs) on 
samples extracted in adjacent locations. All the comparisons are shown in Fig .1. There is a good approximation, as 
 Lucio Nobile and Stefano Nobile /  Physics Procedia  70 ( 2015 )  681 – 685 685
can be seen by comparing all the correlation curves  and the effective strength curve ( fck), even if  the most reliable 


















Fig.1. Comparison between DT fc- values and estimated NDT fc- values using different formulations 
 
4. Conclusion 
The advantages of ultrasonic methods include flexibility, low cost, in-line operation, and providing data in both 
signal and image formats for further analysis. In this paper, some typical applications of  these emerging inspection 
technologies to civil engineering and medicine are explored. In confirmation of this trend, the topic of the evaluation 
of structural performance of existing  RC structures is investigated. The results of an experimental research confirms 
the reliability of predicting concrete compressive strength by some formulas available in literature involving 
ultrasonic pulse velocity measurements. As a consequence , NDTs can strongly reduce the total amount of coring 
needed to evaluate the concrete strength over the entire structure.   
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